Abstract An angular momentum projected potential-energy-surface (PES) calculation, which takes both rotational symmetry restoration and multi-quasiparticle excitation into account, is developed by using the macroscopic-microscopic model and the projected shell model (PSM). Within this method, it may become possible to modify the excitation spectra which are influenced by shape-softness of nuclei, including high-K states. As our first example, this method is adopted to study the collective and multi-quasiparticle excitations of 178 Hf, and the results are in good agreement with the existing experimental data. In addition, as for the dominant structure of noncollective 6 + bands, the conflict between experimental result and the previous PSM calculation is clarified.
Introduction
Nuclear high-spin states involving collective rotation and multi-quasiparticle (qp) excitation have been a subject of extensive experimental and theoretical studies for decades [1] . Unlike the collective rotation, in a deformed, axially symmetric nucleus, a multi-qp excited state arises from coupling of several unpaired nucleons and alignment of their angular momenta along the nuclear symmetry axis [2] . An extreme case is the high-K state with K =Σ i |Ω i |, where Ω is the projection of a nucleon spin on the symmetry axis. Furthermore, due to additional contribution from aligning angular momenta, K -mixing of different components coupled by unpaired quasiparticles can have significant impact on the (generally lower) excitation energies. Therefore, incorporation of the physics of multi-qp excitation can give rise to interesting theoretical interpretations and predictions of level spectrum of nuclei.
The projected shell model (PSM), as a shell model constructed in a deformed multi-qp basis, can incorporate the physics of multi-qp states in an explicit way [3] . The most striking aspect of this quantum mechanical model is its ability to describe finer details of highspin spectroscopy data with loose numerical requirement. In recent years, the PSM has become quite successful in explaining a broad range of properties of deformed nuclei in various regions of nuclear chart. Nevertheless, the previous PSM approach all started with a static deformation, which is a fixed parameter in constructing the deformed multi-qp basis. In the present work, by combining the macroscopic-microscopic model with the PSM, we establish an angular momentum projected PES calculation, which consists of potential energy projected onto ground state with I = 0 and relative excitation energies with conserved angular momentums obtained from the PSM calculations. Unlike the previous PSM that starts with a static deformation, we performed this calculation in the space of variable quadrupole β 2 and hexadecapole β 4 deformations. Within this theoretical framework, we are capable of describing the excitation spectra which are influenced by shape-softness of nuclei.
Recently, the high-spin states in 178 Hf, in which an abundance of non-collective band had been identified to be built upon the multi-qp states [4, 5] , have been investigated through the PSM [6] . Reasonably good agreement of level spectrum is achieved for most of the states. However, the PSM calculation gives a dominant 2-qp structure of ν{5/ [7] . This discrepancy provides us a testing ground for our theoretical approach. Using an angular momentum projected PES calculation, the present work aims at the influence of variable deformations on the collective and multi-qp excitation in 178 Hf and the possible explanation of the discrepancy between the experimental and theoretical configuration assignment of 6 + band.
The model
Our theoretical calculation begins with a macroscopic-microscopic model, in which the macroscopic part is approximated by a liquid-drop model [8] and the microscopic part can be divided into a shell correction energy and a residual pairing contribution [9] . Within this model the potential energy is given by
Single-particle energies are obtained from the axially deformed Nilsson model [10] whose parameters κ and µ are empirically fitted [11] . To avoid the uncontrolled collapse of pairings encountered in the BCS approach previously PSM used, we employed the Lipkin-Nogami (LN) method [12, 13] to incorporate the pairing correlations.
For an individual state, the total energy in our theoretical approach can be decomposed into a potential energy part and an excitation energy part versus spin I. However, Nilsson+LN states violate the rotational symmetry and induce a considerable overlap between the qp vacuum and the lowest excited states, which may cause deviation from the exact potential energy of the ground state. In order to recover the rotational symmetry, the mean-field qp vacuum is projected onto angular momentum I = 0 to obtain the angular-momentumprojected energy surface, which is given by
where the angular momentum projectorP I MK can be written as [14] 
Subsequently, angular momentum projection is carried out on a set of deformed Nilsson-LN qp basis to form shell-model configurations in the laboratory frame. We present the PSM calculations for relative excitation energy by setting a two-body shell-model Hamiltonian diagonal and configuration mixing (here, K -mixing) on projected multi-qp basis. In our theoretical approach, a set of angular momentum projected PES can be established in the space of quadrupole β 2 deformations with hexadecapole β 4 variation. The deformation and the energy of a state are obtained by minimizing the corresponding PES.
The Hamiltonian employed in our calculation is given bŷ
(4) WhereĤ 0 is the spherical single-particle Hamiltonian [10] . The other terms are of the quadrupole+paring type. The strength of the quadrupole-quadrupole force χ is determined in a self-consistent way related to the deformation of the basis [3] . The monopolepairing strength G M is determined by the average gap method [15] . The quadrupole-pairing strength G Q is taken to be proportional to G M as in the previous PSM calculations.
Calculations and discussions
The angular momentum projected PES of 178 Hf is plotted in Fig. 1 as a function of quadrupole deformation β 2 and spin with hexadecapole deformation β 4 variation. For simplicity, only the energy curves of yrast states in the spin interval I = 0∼12 are shown. A minimum appears in each energy curve of conserved angular momentum, of which the deformation β 2 slightly increase from 0.29 to 0.31 monotonically. The unprojected energy surface has a similar form, but the minimum has a smaller β 2 value. The excitation spectrum of the ground state (g.s.) band in 178 Hf can be extracted by minimizing the energies from the angular momentum projected PES, which is presented in Fig. 2 . In addition, from the same diagonalisation process we can obtain the high-K states and the rotational band built upon them by mixing the multi-qp states through residual interactions, of which the dominant structure can be read from the wave functions. The calculated energy levels associated with a K π = 6 + band are displayed in Fig. 2 together with available experimental data and the calculated results obtained from previous PSM studies. Satisfactory agreement is achieved for both g.s. band and non-collective K π = 6 + band. For g.s. band, our result reproduces the level spectrum more precisely, especially in the spin interval from I = 4 to I = 16, which was underestimated significantly and exhibited a considerably compressed energy sequence in the previous PSM studies. In addition, some points with respect to the shape-softness of nuclei are worth noting. Above the spin I = 14, the level energies given by the previous PSM calculations display an explicit regular rotational behavior, and the transition energies are considerably overestimated. In contrast, the experimental data show a compressed level spacing at high spins, which induces a slight departure from the regular sequence of a rotational band. This irregularity is reasonably well reproduced in the present calculation, and can be associated with an influence, though not remarkable, of the enhanced deformation with increasing spin I. It is interesting to note that the K π = 6 + band, which is assigned to be a pure two-quasiproton configuration by investigating the gyromagnetic factor (g factor) experimentally and is calculated to have a twoquasineutron structure in the previous PSM studies, is predicted to be dominated by two-quasiproton configuration of π{5/2 + [402], 7/2 + [404]} in our calculation. Therefore our calculation not only reproduces the experimental excitation energies of K π = 6 + band reasonably well, but also gives an identical configuration assignment. Furthermore, the excitation energies of the band dominated by ν{5/2 − [512], 7/2 − [514]} obtained from our calculation are also plotted in Fig. 2 . It can be seen clearly that the bandhead of this K π = 6 + band with configuration of two-quasineutron is located about 700 keV higher than the observed K π = 6 + state dominated by two-quasiproton structure. Owing to the relatively higher energy, it may be difficult to identify this second K π = 6 + band experimentally. The g factor, as a unique electromagnetic quantity for identifying the dominant structure of the multi-qp wave function, can give direct information about the nature of alignment. It is defined by
with µ τ (I) being the magnetic moment of a state Ψ I , which can be obtained from
where τ = π and ν denote protons and neutrons, respectively. 
The g factor for K π = 6 + isomeric state had been measured in 178 Hf to be 0.959(8) [7] by using the method of perturbed angular distributions, which, when combined with (g K − g R )/Q 0 = 0.099 (7) given by later measured branching ratios for the 6 + band, resulted in the values of g R =0.35(5) and g K =1.06(7) [4] . For further investigation on non-collective rotational band built upon K π = 6 + isomer, the calculated g factors of this band are presented in Fig. 3 . It can be seen that the calculated g(6 + ) well reproduces the experimental data, which confirms the predominant 2-proton configuration of K π = 6 + isomeric state due to its large positive value. As the spin increase, the calculated g factor follows a continuously decreasing trend. Indeed, if we assume the two-quasiproton configuration dominates the K π = 6 + band steadily, g K can be expected to be insensitive to the increasing spin I. Therefore we can estimated the values of g factor as functions of spin according to Eq. (6) by simply taking g R =0.35(5) and g K =1.06(7), which are plotted in Fig. 3 with open circles linked by dashed lines. A reasonably good agreement between our calculated results and values of g factors estimated from experimental g R and g K reveals a significant stability of this two-quasiproton structure in this K π = 6 + band, and a corresponding experimental search is needed. Fig.3 The calculated g factor of K π =6 + band in 178 Hf compared with available data and values estimated according to Eq. (6) (see text). Data are taken from Ref. [7] A possible explanation of the difference between the previous PSM calculations and experimental data in the dominant structure of K π = 6 + band is a suspicious collapse of pairing encountered in the BCS approach that the previous PSM employed. The BCS method gives a reasonable approximation to the pairing energy in the limit of strong pairing. In this limit the low-lying spectrum of nuclear states is characterized by a sizeable "pair" gap between the correlated ground state and the quasiparticle excitations. However, when the level density is low, the BCS approximation may lead to abnormally weak pairing correlations due to particle-number fluctuations, which can be represented by a rather small "pair" gap ∆ and a sharp decreasing occupation possibility of single-particle levels just above the Fermi surface [13] . The weaker pairing correlations may induce the occurrence of breaking nucleon pairs with a much lower energy. To avoid this weakening of pairing correlations, we have employed the LN method [12] based on minimizing the role of the particle-number violation terms. To visualize this pairing collapse, Fig. 4 shows the occupation possibilities of neutron levels near the Fermi surface at N = 106 and pair gap ∆ calculated in the BCS and the LN approaches, respectively. As can be seen, a much steeper down-sloping trend in occupation possibilities obtained from the BCS approach appears at N = 106, whereas the occupancies given by the LN method exhibit a relatively smooth downward behavior. Accordingly, the pair gap ∆ BCS of 0.35 obtained from the BCS approach is much smaller than ∆ LN = 0.63 calculated with the LN method. As a consequence, the pairing correlations of neutrons are underestimated in the previous studies on 178 Hf within the PSM framework due to the improper treatment employing the BCS approach. This underestimation leads to an improper favored two-quasineutron config-
+ band, which can be corrected, as we did by introducing the LN method in the treatment of pairing. Fig.4 The occupation probability of neutron levels near the Fermi surface at N = 106
Summary
In conclusion, an angular momentum projected PES calculation has been presented for studying the collective rotations and multi-qp excitations of 178 Hf. This theoretical approach, which is developed by using the macroscopic-microscopic model and the PSM, can well combine the potential-energy surface from mean-field viewpoint and the K -mixing from shell-model treatment. With this method, we well reproduce the level spectrum of 178 Hf, which is slightly influenced by variable shape of nucleus. In addition, the K π = 6 + band, which is suggested to be based upon a pure 2-proton configuration experimentally and is predicted to have a 2-neutron configuration in the previous PSM calculations, is confirmed to be built on a predominant structure of π{5/2 + [402], 7/2 + [404]} in our study. This conflict between the experimental results and the previous PSM studies is clarified to be induced by a suspicious pairing collapse encountered in the BCS approach employed in PSM. We also provide a detailed calculation of g factors in determining the single-particle contribution of this non-collective rotational band, and a corresponding experimental research is needed. 
